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Abstract 
The lattice dynamics of double-filled skutterudites InxYbyCo4Sb12 have been studied by means of Raman spectra as a 
function of the In and Yb filling ratios. We have studied the impact of void-filling process on the peak position and 
peak linewith. In particular, the relative height of the higher-energy Ag mode decreases gradually upon void-filling, 
which has been attributed to the “rattling” effects of the filling atoms in Sb icosahedrons. It is found that the double-
filling process has produced more pronounced “rattling” effects than the single-filling process, accounting for more 
effective scattering of phonons and lower lattice thermal conductivity. 
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1. Introduction 
In the last decade, the CoSb3-based skutterudite materials have drawn much attention as promising 
thermoelectric materials owing to their excellent electrical properties and peculiar crystal structure. 
Binary skutterudite materials crystallize in I m 3 space group with the formula MX3, where the metal 
element M can be Co, Ir or Rh, while X can be P, As or Sb. There are eight formulas per unit cell. The 
skutterudite structure consists of nearly square planar X4 rings, the centers of which are located at the 
centers of sub-cubes formed by the A atoms. There are six mutually orthogonal X4 rings per conventional 
unit cell, thereby forming two relatively large voids per conventional unit cell. The centers of these voids 
are 12-coordinated by the X atoms. Filled skutterudites have been formed with rare-earth, alkaline-earth 
as well as Tl, In ions interstitially occupying these voids[1-6], and a decrease of greater than an order-of-
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magnitude in the lattice thermal conductivity has been observed as compared to the „„unfilled‟‟ 
skutterudites, giving rise to significantly enhanced thermoelectric properties. In particular, large thermal 
parameters (atomic displacement parameters) derived from X-ray and neutron diffraction data have been 
reported for these ions, indicating that these ions “rattle” in the voids of this crystal structure[1,7]. Such 
“rattling” motion is thermoelectrically favorable since it substantially disturbs the phonon propagation in 
the lattice and lowers the lattice thermal conductivity. 
Among the void-filling study, the double-filling approach is getting increasing interest because it often 
leads to better thermoelectric properties than the single-filled approach[8-12]. For example, we 
demonstrated that the (In,Yb) double-filling effectively reduced the lattice thermal conductivity and 
thereby enhanced the thermoelectric figure of merit, ZT, as compared with the In or Yb single-filling 
approach[13,14]. Yang et al. attributed the mechanism underlying the double-filled induced lattice thermal 
conductivity reduction to the dual-frequency resonant phonon scattering[11]. In the literature optical 
measurements of infrared-active and Raman-active modes of the lanthanide-filled and unfilled 
skutterudites have been reported[15-20], however, up to now no Raman spectra has been reported in the 
double-filled skutterudites. In this work we present Raman spectra measurements of the double-filled 
InxYbyCo4Sb12 system to help elucidate the effects of double-filling on the lattice dynamics and the lattice 
thermal conductivity of skutterudites. 
2. Sample preparation and experimental procedure 
Polycrystalline InxYbyCo4Sb12 materials were prepared via the melting-annealing-sintering method. 
The synthesis and thermoelectric properties were described in details elsewhere[13,14]. High-purity 
elements of Co (99.998%), Sb (99.999%), In (99.99%) and Yb (99.9%) were sealed in an evacuated 
quartz tube. The materials were melted at 1323 K for 24 hours, then quickly cooled to 923 K and 
annealed at 923 K for 3 days to form the skutterudite structure. The final product taken from the tube was 
ball milled into fine powders and then densified into pellets by spark plasma sintering technique at 50 
MPa and 873 K for 20 min. For comparison, polycrystalline CoSb3 was prepared following the same 
process except that it was sintered via hot pressing at 100 MPa and 923 K for 2 hours.  
Table 1. Lattice constants and measured densities of the studied samples 
Nominal composition Lattice constant (Å) Measured density (g/cm3) 
Co4Sb12 9.0340(3) 7.49 
In0.2Co4Sb12 9.0456(4) 7.428 
Yb0.2Co4Sb12 9.0463(3) 7.604 
In0.2Yb0.05Co4Sb12 9.0471(3) 7.431 
In0.2Yb0.1Co4Sb12 9.0462(3) 7.668 
In0.2Yb0.2Co4Sb12 9.0531(4) 7.683 
In0.1Yb0.1Co4Sb12 9.0493(3) 7.543 
Phase characterization was performed on a Panalytical X‟Pert Pro diffractometer with Cu Kα radiation. 
X-ray diffraction (XRD) patterns of all samples were easily indexed to a skutterudite structure with a 
small amount of antimony (less than 4 vol.%) in several samples. Lattice constants were derived via the 
Rietveld refinement[21]. Scanning Electron Microscopic observation showed that the typical grain size was 
in the range of 1–10 m. Table 1 summarizes the lattice constant data of studied samples.  
Raman-scattering measurements were performed at room temperature with the 514.5 nm lines of an 
Ar+-ion laser (RENISHAW: INVIA) in normal mode. The measured range was 100-300 cm−1. 80 times 
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scans were used to increase the signal/noise ratio, and the instrumental resolution was 2 cm−1. 
3. Results and discussion 
The conventional unit cell of skutterudite structure has twice the volume of the primitive cell. The 
primitive unit cell contains 16 atoms and possesses a maximum of 45 different optical vibrational modes, 
some of which are doubly or triply degenerate. Among these modes there are seven infrared-active modes 
and eight Raman-active modes. In particular, the Raman-active modes in the skutterudite structure do not 
involve any motion of the metal sublattice atoms but are all relative motions of the Sb atoms with respect 
to one-another in such a way that the center of mass of the Sb atoms in the unit cell remains unchanged [16]. 
The first-order Raman-active modes can be determined by group theory to be 2Ag + 2Eg + 4Fg, where the 
Ag modes are singly degenerate, Eg doubly degenerate, and Fg triply degenerate. The Ag modes are the 
symmetric breathing modes of the Sb4 rings, there are two Ag modes since the Sb4 rings are not exactly 
square. The higher energy mode is presumably due to the stretching of the shorter Sb-Sb bond and the 
lower one is the stretching of the longer Sb-Sb bond. 
Room-temperature Stokes Raman spectra of the samples from 110 to 200 cm−1 are shown in Fig. 1. 
Close inspection identifies six peaks, a Lorentizian fitting to the data yields the peak positions and peak 
linewidths (full width at half-maximum). The results are listed in tables 2 and 3, along with the results 
from theoretical analysis by J.L. Feldman and D.J. Singh[22]. To exclude the possible contribution from 
elemental Sb, the Raman spectra of pure Sb powders was measured in the range of 100-300 cm−1 and the 
results are shown in table 4. The results of Raman line energies of Sb (table 4) are distinctly different 
from those of skutterudites (table 2), therefore the contribution from Sb is excluded. The spectra of 
In0.2Yb0.1Co4Sb12 sample is different from the others in the peaks of 121 and 159 cm−1, which is 
presumably from CoSb2. Among the six peaks detected, five peak energies agree very well with the 
theoretically predicted values, especially the two main peaks which are two Ag modes. The peak near 147 
cm-1 is presumably the stretching of the longer Sb-Sb bond while the one near 181 cm-1 is the stretching 
mode of the shorter Sb-Sb bond. As shown in table 2, the peak positions shift toward lower energy side 
upon void-filling. The X-ray diffraction measurement shows that the atomic filling in the voids leads to a 
small lattice expansion (table 1). Table 3 shows the FWHM values of the two Ag modes of the studied 
samples. It is apparent that the Ag modes are broadened significantly in the filled samples. The broad 
Raman lines in the filled skutterudites are likely due to two reasons. Firstly the filling atoms occupy voids 
in a random fashion, causing local strain fluctuations and fluctuations of Sb-Sb vibrational energies. 
Second, the filling atoms are small in size and have large thermal vibration parameters, thus their 
“rattling” contributes to the broadening of Sb-Sb phonon modes. In other words, the static and dynamic 
distortions of the structure caused by the void-filling lead to the broadening of Sb-Sb vibrational modes. It 
is important to note that both static and dynamic distortions are beneficial to disturb phonon propagation. 
As shown in table 3, the double-filling of In and Yb causes the Ag modes further broadened compared to 
the single-filled counterparts. 
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Fig. 1. observed room-temperature Stokes Raman scattering spectra of InxYbyCo4Sb12samples (dark lines), fitted peaks (green lines) 
and spectra (red lines) 
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Table 2. Peak positions of the Raman-active phonon modes along with the theoretical predictions (ν，cm-1) 
CoSb3 In0.2Co4Sb12 Yb0.2Co4Sb12 In0.2Yb0.05Co4Sb12 In0.2Yb0.1Co4Sb12 In0.2Yb0.2Co4Sb12 In0.1Yb0.1Co4Sb12 CoSb3[22] 
       83 (Fg) 
       97 (Fg) 
 (121)   (121) (122)   
133 133 131 133 131 133 131 139 (Eg) 
149 148 147 147 147 148 147 150 (Ag) 
163 162  165 (159) 169 162 157 (Fg) 
176 174 173 175 172 175 173 178 (Fg) 
183 182 180 181 180 181 180 179 (Ag) 
       182 (Eg) 
Table 3. FWHM of the two Ag modes of the InxYbyCo4Sb12 samples (∆ν，cm-1) 
 CoSb3 In0.2Co4Sb12 Yb0.2Co4Sb12 In0.2Yb0.05Co4Sb12 In0.2Yb0.1Co4Sb12 In0.2Yb0.2Co4Sb12 In0.1Yb0.1Co4Sb12 
∆ν (147cm-1) 7.1 8.0 9.0 7.5 11.6 10.0 8.8 
∆ν (181cm-1) 6.0 6.3 6.6 5.8 11.3 7.7 9.6 
Table 4. Peak positions and FWHM of pure Sb powders at room temperature (ν，cm-1) 
ν (cm-1) 116 141 186 249 
∆ν (cm-1) shoulder 13.5 7.2 8.5 
 
 
 
 
 
 
 
 
 
    
Fig. 2. the crystal structure of skutterudite, with Co atoms and Sb icosahedrons drawn and the two Sb-Sb bonds of Sb4 rings pointed 
out (3.0Å for the longer Sb-Sb bond and 2.86 Å for the shorter one) 
Another noteworthy phenomena is that the relative heights near 181 cm-1 decrease gradually upon the 
double-filling and the increase of filling fraction, similar phenomena has been observed in partially filled 
skutterudite LaxFe3CoSb12 and SmyFexCo4-xSb12[18,20]. We propose that this is due to that the peaks near 
181 cm-1 are broadened more severely than the peaks near 147 cm-1 (table 3). Figure 2 is another 
viewpoint of the skutterudite structure, with Co atoms and Sb icosahedrons drawn and the two Sb-Sb 
bonds of Sb4 rings pointed out. As the filling atom “rattles” inside the Sb icosahedron cage, it has more 
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pronounced effects on the shorter Sb-Sb bond than the longer Sb-Sb bond, causing the 181 cm-1 peak 
broadened more. In this line of thought, the decrease of the relative height for the higher energy Ag mode 
is directly related to the “rattling” effect. It can be seen that the double-filling has more significant 
“rattling” effect than the single-filling, so it should be more effective in scattering of phonons. This is in 
corroboration with the thermal transport properties measured for these materials. As shown in Fig.6 of 
reference 14, the lattice thermal conductivities of these materials are decreased gradually upon the 
double-filling and the increase of filling fraction, in a very similar trend as the relative heights of the 
higher energy Ag mode. It is proposed further, then, that the relative height of the higher energy Ag mode 
can somewhat gauge the level of “rattling” effects. Further relative theorectical investigation is under 
consideration. 
4. Conclusion 
Raman spectra of InxYbyCo4Sb12 materials have been measured in the range of 100-300 cm-1 and six 
peaks are identified. Among them, five peak energies agree very well with the theoretical prediction. The 
Ag modes are broadened substantially in filled skutterudites, due to static and dynamic distortions caused 
by atomic filling. In addition, based on the crystal structure and Raman spectra analysis it is proposed that 
the “rattling” of the fillers has more significant effect on the shorter Sb-Sb bond of Sb4 rings, leading to a 
decrease of the relative height of the high energy Ag mode. The double-filling is more effective in 
broadening the Ag peaks and decreasing the relative height of the higher-energy Ag mode as compared 
with the single-filling. 
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